In order to clarify both the behavior of non-metallic inclusions during hot deformation and the effects of non-metallic inclusions on the local ductility of steel with aluminum deoxidized and containing lower sulfur content at about 0.002-0.01% were investigated. Both the commercial-quality 440 MPa-class plain carbon steel and super ultra-low carbon steel were studied. To investigate the distribution, morphology, and chemical composition, along with the change in such characteristics, during the hot deformation of nonmetallic inclusions, thermo-mechanical treatment with a compression test was carried out. Moreover, the reduction of area with the tensile test species, which refers to the local ductility of steel, was examined, and the effect of the distribution, morphology, and chemical compositions of both the Al2O3 inclusions and the elongated MnS inclusions were studied.
Introduction
High-strength steel sheets have been used as reinforcement members for car bodies to improve both crashworthiness and energy efficiency based on the lightening of the car. In applying high-strength steel to automobiles, press formability is one of the most important properties for sheet materials to have. Furthermore, a different kind of press formability for each reinforced member part of the car body is required, and for high-strength steel applied to underbody parts, especially, high-stretch flange-ability (high holeexpandability) is regarded as important. Stretch flangeability would certainly be considered to correspond to the local ductility of the material. 1) As for local ductility, it has been made clear that formability most probably is related to the homogeneity of the microstructure, in general, which greatly improves local ductility. In addition, non-metallic inclusions would very probably affect local ductility; namely, non-metallic inclusions would very probably affect the next process. [2] [3] [4] [5] [6] [7] Ductile fractures are the end result of a sequence of three processes: voids that (a) nucleate at second-phase particles and that (b) grow until (c) they link. As described by Gladman et al. 2) and references therein, in steel containing sulfide particles with extremely high sulfur content of about 0.1-0.2%, disk-shaped sulfides were far more detrimental than other types of sulfide. In order to make clear the effects of non-metallic inclusions on the properties of steel, the deformation of inclusions in silicon manganese deoxidized steel during hot rolling were studied by Uchiyama et al., 8) and the behavior of manganese-silicate oxide was discussed. Because of the long history and industrial importance of controlling non-metallic inclusions, substantial research has been conducted; however, in steel commercially deoxidized by aluminum with lower sulfur content, the behavior of non-metallic inclusions during hot deformation and the effects of the morphologies of the non-metallic inclusions on local ductility have not been made clear.
In this study, we therefore investigated both the behavior of non-metallic inclusions during hot deformation and the effects of non-metallic inclusions on the local ductility of steel with aluminum deoxidized and containing lower sulfur content at about 0.002-0.01%. The reduction of area in the tensile test species, which refers to the local ductility of steel, was examined, and the effect of the distribution, morphology, and chemical compositions of both the Al2O3 inclusions and the elongated MnS inclusions was studied.
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Experimental Procedure

Materials
Five different types of commercial-quality 440 MPa-class plain carbon steel, described as "CO-series," were studied regarding the behavior of non-metallic inclusions during hot deformation. In addition, three different types of 440 MPaclass super ultra-low carbon steel, described as "TS-series," for the purpose of evaluating the effect of non-metallic inclusions in the homogeneity ferrite microstructure on local ductility, were also studied. For the "CO-series," metallic iron, carbon, iron-silicon alloy, manganese alloy, and ironphosphorus alloy were prepared and melted in an alumina crucible using a 500 g induction furnace under an argon atmosphere, while for the "TS-series," metallic iron, carbon, iron-silicon alloy, manganese alloy, iron-phosphorus alloy, and chromium alloy were prepared and melted in an alumina crucible using a 50 kg induction furnace with a vacuum argon atmosphere.
After melting, iron-sulfur alloy was added to the molten steel, which was then stirred appropriately, and then aluminum was added to the molten steel for deoxidization. For the "CO-series," after aluminum addition, the molten steel was stirred for two minutes, and electric power was shut down to be allow for solidification with a size of 37 mm in diameter and 68 mm in height, while for the "TS-series," after aluminum addition, the molten steel was stirred for two minutes, which was then poured into a cast iron mold with a size of 220 mm in width, 350 mm in height, and 90 mm in thickness. The chemical compositions are given in Table 1 . The range of sulfur content (0.0020-0.0094 mass%) covers a useful range of mass% of sulfur for the materials in question.
Methods of Experiment and Analysis
Firstly, to investigate the distribution, morphology, and chemical composition, along with the change in such characteristics, during the hot deformation of non-metallic inclusions, small cylindrical specimens of 8 mm in diameter and 12 mm in height were made from the "CO-series" steel. The small specimens were machined at the height of 30 mm above the bottom without porosity. Then, thermo-mechanical treatment with a compression test was carried out on the cylindrical specimens with a Thermecmaster-Z (Fuji Electronic Ind. Co.). Figure 1 shows the experimental conditions of the thermo-mechanical treatment. The specimens were heated up to 1 250°C, held for 10 minutes to be homogenized, and were compressed into a plate 2.2 mm in thickness at 1 100°C. The reduction ratio was 82%. Each sample before or after hot deformation was machined and mirror-polished for the observation experiment. After mirror polishing, all the specimens were analyzed by SEM equipped with an energy-dispersed spectroscope (EDXS), in order to identify the inclusions and precipitates. The morphology and composition of the inclusions and precipitates were investigated and analyzed in detail. After investigation, the aspect ratio of the inclusions was calculated, which is defined as the ratio of the length of the major axis divided by the length of the minor axis.
Secondly, in order to evaluate the relation between the mechanical properties especially for local ductility, the kinds of non-metallic inclusions, the amount of each kind of inclusion, and the morphologies, the samples of the "TSseries" steel were hot-rolled, cold-rolled, and annealed. After being reheated in a range of temperature at 1 000-1 250°C in order to change the amount of MnS inclusions in the metal, the samples with a thickness of 90 mm were hot-rolled into sheets of 4 mm in thickness. Then, the sheets were cold-rolled into sheets of 0.8 mm in thickness. Finally, the sheets were homogenized in a salt bath at 800°C. Tensile test specimens were then machined, and the basic mechanical properties were measured using a tensile test machine at a constant crosshead speed of 1.0 mm/min. under the yield stress and then over the yield stress at a constant crosshead speed of 10 mm/min. After the tensile test, the width and thickness of the specimens were measured to evaluate the reduction of the area around the fracture in the necking part. We defined the reduction of the area as the ratio of the initial production of the width and the thickness of the tensile test species dimensions in the necking part divided by the production of the dimensions after the tensile test. Then, the longitudinal cross-section near the fracture of the specimens shown in Fig. 2 was machined, mirror-polished, and analyzed by SEM, and voids and particles were measured and counted. (1) and (2) in Fig. 3(a) , respectively. In the same way, all the Figs. 4, 5 and 6 show the morphologies non-metallic inclusions before or after hot deformation, and the EDXS analyses of the arrows in figures, respectively.
As for sample CO22, which contains low sulfur, at 22 ppm, there are a lot of Al2O3 inclusions surrounded with MnS at a size of 2-3 μm, as shown in Fig. 3 . These small Al2O3 inclusions surrounded by MnS do not change shape in spite of the compressive stress, as shown in Fig. 4 . As the sulfur content of the sample increases, MnS inclusions around the Al2O3 inclusions become larger, as shown in Fig.  5 . As for sample CO66, which contains higher sulfur, at 66 ppm, the larger complex inclusions with a size of about 5-10 μm are observed. In sample CO66, compressed, thin, non-metallic inclusions are stretched to form elongated inclusions with a size of 5-20 μm, as shown in Fig. 6 . Especially for the MnS parts of the inclusions, the inclusions are Figure 7 shows the relation between the aspect ratio of the inclusions of the "CO-series" samples formed into thin plates and the sulfur content of the materials. As shown in Fig. 7 , the aspect ratio of inclusions increases with the increase in sulfur content. In the samples with lower sulfur content than about 60 ppm, the aspect ratios of the inclusions do not become so large; they are smaller than 10. As shown in Fig. 4 , small Al2O3 inclusions surrounded by MnS observed in the sample with a sulfur content of 22 ppm do not change shape in spite of compressive stress. However, in both the CO66 and CO90 samples with sulfur content of 66 ppm and 90 ppm, drastically stretched inclusions at over 10 regarding the aspect ratio were observed. Such a larger aspect ratio of inclusions, as shown in Fig. 6 , with complex inclusions with a size of about 5-10 μm, are stretched to become elongated MnS inclusions with a size of about 20 μm. It was clear that in metal with higher sulfur content over 60 ppm, drastically elongated MnS inclusions at over 10 regarding the aspect ratio were observed.
Relations between Non-metallic Inclusions and
Local Ductility Figure 8 shows the change in the reduction of area due to the sulfur content of the steel from the "TS-series," with a ferrite phase homogeneity microstructure. The higher reduction of area represents better local ductility. As shown in Fig. 8 , the reduction of area decreases with an increase in sulfur content and a decrease in slab reheating temperature (SRT). Namely, lower sulfur content and higher reheating furnace temperatures can produce better local ductility. Among the three samples containing 94 ppm sulfur, as for the two samples of TS90-1 000°C and TS90-1 150°C, which indicate the worst local ductility, according to the thermodynamic calculation, the product of [Mn] [S] is far larger than the solubility limit, and numbers of larger MnS inclusions seem likely to be formed, which cannot be solved in the matrix.
An SEM image of the cross-section around the fracture in the part of the necking specimen after being tensile tested, for the TS30 steel sample reheated at 1 250°C, is shown in Fig. 9 . As shown in this figure, some small voids can be observed in the specimen around the fracture in the necking part; as an example, some voids are pointed out using arrows. Figures 10 and 11 show SEM images of the crosssection around the fracture in the part of the necking specimen after being tensile tested, for the TS90 steel sample, reheated at 1 250°C and 1 000°C, respectively. Some small voids can be observed in the specimen around the fracture in the necking part for the TS90 steel sample reheated at 1 250°C; however, numerous voids were observed around the fracture in the necking part for the TS90 steel sample reheated at 1 000°C. The number of voids increases with an increase in sulfur content, and a decrease in reheating temperature. SEM images of typical non-metallic inclusions on the cross-section around the fracture in the part of the necking specimen, for the TS30 and TS90 steel samples, reheated at 1 250°C after being tensile tested, are shown in Figs. 12(a)  and 13(a), respectively. Figure 12(b) shows the EDXS analyses of the arrow (1) and Figs. 13(b) and 13(c) show the EDXS analyses of the arrows (1) and (2) in Fig. 13(a) . As shown in Fig. 12 , the typical inclusions of the specimen near the fracture consist of Al2O3 with a size of 2 μm in the TS30 steel sample reheated at 1 250°C. As shown in Fig. 13 , the typical inclusions of the specimen near the fracture consist of elongated MnS with or without Al2O3, with a size of 10-25 μm in the TS90 steel sample reheated at 1 250°C.
Respectively, the Al2O3 inclusions as shown in Fig. 12 are similar to the Al2O3 inclusions as shown in Fig. 4 , and the elongated MnS inclusions as shown in Fig. 13 are similar to the elongated MnS inclusions as shown in Fig. 6 .
A comparison was made between the number of the nonmetallic inclusions, the type of inclusions, and the reduction of area for samples TS30 and TS90. As shown in Fig. 14 , the number of inclusions for sample TS30 was larger than On the contrary, for sample TS90, in which the value of the reduction of area was worse than that of sample TS30, despite the fact that the number of inclusions was less than that of sample TS30, large elongated MnS inclusions were observed. This is most probably due to the fact that the elongated MnS inclusions have a stronger influence on the reduction of area than the smaller Al2O3 inclusions do. In addition, it is interesting to note that numerous elongated MnS inclusions produced by a higher content of sulfur in metal reheated at a lower SRT would certainly play an important role in forming the voids and causing the reduction of area to be small. Figure 15 shows the relation between the number of the elongated MnS inclusions with Al2O3 inclusions larger than 5 μm, the number of voids observed in the specimen around the fracture in the necking part and the reduction of area. It is clear that the number of the elongated MnS inclusions with Al2O3 inclusions larger than 5 μm gets larger than 0.8 mm -2 , drastically the number of the voids around the fracture in the necking part get larger and the local ductility gets worse. Because the elongated MnS inclusions with Al2O3 inclusions larger than 5 μm act as both the voids nucleation sites and the clack propagation paths, they have a great synergistic influence on the local ductility. Consequently, numbers of elongated MnS inclusions certainly contribute to the low local ductility.
Discussion
Behavior of Non-metallic Inclusions in Steel during
Hot Deformation Substantial researches [2] [3] [4] [5] [6] 8) had been devoted to the nonmetallic inclusions in steel containing sulfide particles, and it was thus clear that disk-shaped sulfides and manganesesilicate oxide were detrimental. In addition, as shown in Figs. 3, 4 , 5, 6, and 13 regarding lower sulfur content of about 20-100 ppm, MnS inclusions are most probably of a round type in the ingot; however, as a result of the deformation of the steel, inclusions have certainly been elongated to become strings on the cross section in the rolling direction and these strings may also be orientated in the direction of deformation.
Furthermore, as shown in Fig. 7 , sulfur content in steel at over 60 ppm contributes to high aspect ratio inclusions; namely, elongated MnS inclusions. As for Al 2 O 3 inclusions, small particles with the size of about 4 μm are not deformed during hot rolling and act as a heterogeneous nucleation site of MnS inclusions, and MnS inclusions nucleate on Al 2 O 3 inclusions. Until sulfur content is less than 60 ppm, MnS inclusions are dispersed and nucleated on Al 2 O 3 inclusions, finally form small MnS on Al 2 O 3 complicated inclusions, and do not deform so largely.
If the temperature of hot deformation is higher than the temperature of precipitation of MnS inclusions, MnS inclu- 
Void Nucleation at Non-metallic Inclusions and the Relation between Non-metallic Inclusions and Local Ductility
The lowest value of the reduction of area with the specimen for the TS90 steel sample reheated at 1 000°C would certainly be identical to a great number of voids and elongated MnS inclusions particles with a size of 5-30 μm, which existed around the fracture in the necking part, as shown in Figs. 13 and 15. Based on the above experimental results using the tensile test and though observation, the effect of non-metallic inclusions on local ductility was taken into account.
The failure mechanism is usually described in terms of the nucleation, growth, and coalescence of voids that are formed as a result of particle fracture or of separation at the particle/matrix interface. In early researches, the role of inclusions as crack initiators has been discussed by several authors. [2] [3] [4] [5] [6] 9) In this steel, voids are mainly nucleated at inclusions. Thus, all the volume fractions, distributions, and morphologies of inclusions are considered to be important. The characteristics of the inclusions depend especially on hot-working conditions, thermo-mechanical conditions, and the composition of the inclusions themselves. The distribution and morphologies of MnS inclusions are determined mainly by the treatment condition of the hot working, namely by both the temperature and the degree of deformation. In some thermo-mechanical condition, MnS inclusions become larger and elongated, and such inclusions have a harmful influence on ductile fractures. Figure 16 shows the images of the ductility model. The role of inclusions is considered as sites for initiating voids.
In this work, small Al 2 O 3 inclusions within the size of 4 μm behave as a hard second-phase particle, as shown in Fig.  16(a) , and give rise to very small round voids at the Al 2 O 3 inclusion interface in metal without hard Al 2 O 3 being broken. Because of the large curvature of the small round void at the interface of the metal/Al 2 O 3 inclusions, the metal matrix has enough plasticity and ductility to indicate local ductility, and voids cannot link to become cracks. As shown in Fig. 4 In the case of materials containing elongated MnS inclusions, shown in Fig. 16(b) , the ease of the formation of voids at the MnS inclusions at the metal matrix interface notched by the elongated MnS is most important for the ductile failure of steel. Namely, crack initiation notched with an elongated MnS inclusion's acute edge occurs easier when compared to small Al 2 O 3 inclusions. As the difference in the elastic modulus between the metal matrix and the MnS inclusions produces shear stress at the interface between the metal matrix and MnS inclusions (also at acute angles between the elongated MnS inclusions and the metal interface), voids easily form at the interface at small strains. Moreover, MnS inclusions are softer than the metal matrix, and brittle inclusions are easily broken to nucleate voids. The growth of these voids is developed in the direction of the elongated MnS inclusions, which is probably due to void coalescence with more brittle and softer another fractured MnS inclusions. The fracture is most likely to be initiated by void formation at the interface and would coalesce in accordance with a brittle fracture in the inclusions. The local ductility in steel including elongated MnS inclusions is small because the fracturing and deformation of metal are most likely to be related to elongated MnS inclusions.
Conclusions
In order to clarify both the behavior of non-metallic inclusions during hot deformation and the effects of non-metallic inclusions on the local ductility of steel with aluminum deoxidized and containing lower sulfur content at about 0.002-0.01% were investigated. The reduction of area with the tensile test species, which refers to the local ductility of steel, was examined, and the effect of the distribution, morphology, and chemical compositions of both the Al 2 O 3 inclusions and the elongated MnS inclusions were studied.
Metal sulfur content of higher than 60 ppm and elongated MnS inclusions of over 10 regarding the aspect ratio were observed. With such a larger aspect ratio of complex inclusions, inclusions with a size of about 5-10 μm are stretched to become elongated MnS inclusions with a size of about 20 μm.
Furthermore, the number of voids around the fracture in the necking part increases with an increase in sulfur content, and a decrease in reheating temperature. The higher the temperature of the reheating furnace and the lower sulfur content, the smaller numbers of voids existed without elongated MnS inclusions and the better the reduction of area with the tensile test species, which refers to the local ductility of steel, will become.
It is most probable that the effect of the elongated MnS inclusions larger than 5 μm is stronger than that of the small sites and the clack propagation paths, they have a great synergistic influence on the local ductility. Consequently, numbers of elongated MnS inclusions certainly contribute to the low local ductility.
